Objective: The goal of our study was to analyze the prevalence of branching pattern variations in the popliteal artery (PA) along with morphometrics of the PA to better address its importance in disease and vascular surgical procedures. Methods: An extensive search for the PA and its anatomic variations was done in the major online medical databases. The anatomic data found were extracted and pooled for a meta-analysis. Results: A total of 33 studies (N [ 12,757 lower limbs) were included in the analysis. The most common variant was a division of the PA below the knee into the anterior tibial artery and a common trunk for the posterior tibial and peroneal arteries, with a prevalence of 92.6% (95% confidence interval [CI], 90.2-93.8). The second most common variation was a trifurcation pattern of all three branches dividing within 0.5 cm of each other, with a prevalence of 2.4% (95% CI, 1.4-3.5). Of the three studies that reported the diameter of the PA at the level of the subcondylar plane, a mean diameter of 8 mm (95% CI, 7.29-8.70) was found. Conclusions: The PA most commonly divides below the knee into the anterior tibial artery and the common trunk of the posterior tibial artery and the peroneal artery. Knowledge of the prevalence of possible variations in this anatomy as well as morphometric data is crucial in the planning and execution of any surgical intervention in the area of the knee. (J Vasc Surg 2017;65:521-9.) The popliteal artery (PA) is a continuation of the femoral artery that crosses the popliteal fossa, splitting into the anterior tibial (AT) artery and a trunk, which further divides into the posterior tibial (PT) and peroneal (PR) arteries.
The popliteal artery (PA) is a continuation of the femoral artery that crosses the popliteal fossa, splitting into the anterior tibial (AT) artery and a trunk, which further divides into the posterior tibial (PT) and peroneal (PR) arteries. 1 Variations of the branching pattern have been attributed to the arrested development of embryologic structures. 2 Detailed knowledge of the variations of the PA is essential in understanding the role that branching patterns play in popliteal artery entrapment syndrome (PAES) and popliteal artery aneurysms (PAAs). PAAs specifically can often be asymptomatic and lead to acute and chronic limb ischemia, with a 76% risk of complications up to 5 years after initial diagnosis without surgical treatment. 3 With vascular repair being the advised method of treatment of PAA, detailed anatomic knowledge of the PA and its branches is crucial for surgical success and diminishing postsurgical complications.
Anatomy of the vasculature in the popliteal fossa has implications in PAES and its treatment. PAES is described as claudication due to the PA's being constricted against the femoral condyle, with the two most common causes being variations in the PA or in attachment of muscles, like the gastrocnemius or plantaris. 4 Aside from atherosclerosis, PAES is the most common surgically correctable reason for leg claudication, responsible for 60% of cases of claudication in athletes. 5 Claudication due to PAES is influenced by movement of the lower limb and can present as pain; however, the real danger lies in the progression of the resulting ischemia.
Significant past research has focused on the classification of branching patterns of the PA. The original system of classification was first described by Lippert and Pabst in 1985 and was modified to the most commonly used system by Kim et al in 1989 . 6 The classification system used consists of 3 primary types, with 10 subtypes. Type I, the most common, encompasses all divisions of the PA below the level of the knee joint. Type II, the "high divisions," includes all divisions of the PA at or above the level of the knee joint. Type III includes all cases of hypoplasia or aplasia of any of the branches.
The anatomy of the vessels in the popliteal fossa, especially those found on the medial side, contributes to the vascular network of the knee. 7 In procedures like total knee replacement, an incomplete knowledge of the possible variations can lead to iatrogenic injury that could have otherwise been avoided.
Owing to the clinical relevance of the PA, the aim of our study was to perform a comprehensive metaanalysis to determine the true prevalence of the most common branching patterns of the PA, to analyze its morphometric variables, and to provide an evidencebased assessment of the PA to improve surgeons' planning and approach when considering interventions in the area. 
METHODS
Search strategy. To identify the articles to include in the meta-analysis, searches were performed through September 2015 in the following databases: PubMed, Embase, ScienceDirect, CNKI, Airiti, SciELO, BIOSIS, and Web of Science. The search strategy used for PubMed is presented in Table I . In addition, the references of all included articles were thoroughly searched to identify additional studies eligible for the meta-analysis. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were strictly adhered to throughout the entire meta-analysis ( Supplementary Fig 1, online  only) . This meta-analysis was prospectively registered in PROSPERO (CRD42015026239). 8 Eligibility assessment. Articles eligible for inclusion into the meta-analysis were assessed by three independent reviewers (M.J.G., P.P., and W.C.H.). Studies that reported extractable anatomic data on the PA and its branches were included in the study. The following types of papers were excluded: case reports, case series, letters to the editor, and conference abstracts. Studies with pathologic processes such as PA entrapment, occlusive lesions, and atherosclerotic lesions in their patient populations were also excluded. Studies published in languages not fluently spoken by the authors were translated by medical professionals fluent in both English and the language of the manuscript. Any disagreements about eligibility of studies were solved by a consensus among all the reviewers, after consulting with the authors of the original study, by e-mail, when necessary and possible.
Data extraction. Data from the included studies were individually extracted by three reviewers (M.J.G., P.P., and W.C.H.) and included branching patterns and morphometrics of the PA. In the event of any discrepancies, if possible, the authors were contacted for clarification. The system used for classification of our collected results was similar to the one modified by Kim et al in 1989 .
Divisions of the PA into its branches below the level of the knee joint were collected as type I, with the following variations (Fig 1) :
Type I-A: division into AT and a common trunk for the PR and PT Type I-B: division into the AT, PT, and PR all within 0.5 cm of each other Type I-C: division into PT and a common trunk of the AT and PR Divisions of the PA at or above the knee were considered type II, with the following subdivisions (Fig 1) :
Type II-A1: AT branching off first and following a normal course Type II-A2: AT branching off first and following a medial course Type II-B: PT branches off first Type II-C: PR branches off first Any cases of a hypoplastic or aplastic branch were classified as type III, with the following divisions (Fig 2) :
Type III-A: PT hypoplasia or aplasia with the distal PT replaced to PR Type III-B: AT hypoplasia or aplasia, dorsalis pedis replaced to PR Type III-C: both AT and PT hypoplasia or aplasia with AT replaced to PR For the purpose of our analysis, all type III variations were considered separate prevalence rates from types I and II as hypoplasia or aplasia incidence may occur in the presence of normal branching patterns, as described by Kim et al 1989 .
Statistical analysis. Statistical analysis was performed by M.J.G., P.P., and B.M.H. using MetaXL version 2.0 (EpiGear Pty Ltd, Wilston, Queensland, Australia) to calculate the multicategorical pooled prevalence of an anatomic characteristic of the PA. Data on morphometric measurements were pooled into a meta-analysis using Comprehensive Meta-Analysis version 3.0 (Biostat, Englewood, NJ). A random-effects model was used for all analyses. The assessment of heterogeneity among studies was done using the c 2 test and Higgins I 2 statistic. For the c 2 test, a P value of < .10 was considered to indicate significant heterogeneity between studies. 9 Interpretation of the I 2 statistic was done according to the following: 0% to 40% might not be important; 30% to 60% might indicate moderate heterogeneity; 50% to 90% may indicate substantial heterogeneity; and 75% to 100% may represent considerable heterogeneity. 9 Subgroup analysis based on geography and type of study or a sensitivity analysis was performed, when appropriate, by limiting inclusion to studies with $100 lower limbs to probe the sources of heterogeneity. Statistically significant differences between two or more groups were determined through the use of confidence intervals (CIs). If the CIs of the two groups overlapped, the differences were considered statistically insignificant.
RESULTS
Study identification. A summary of the study identification process is shown in Fig 3. After an initial search of all the listed databases, 2084 articles were identified. Fifteen additional articles were added from the reference search. Seventy-five articles were assessed on the basis of their full texts. Of the 75 articles, 33 were deemed eligible for inclusion into the meta-analysis. Eight were excluded for being case reports or case series, 32 lacked relevant extractable data, and 1 review and 1 letter to the editor were excluded as well.
Characteristics of included studies. The characteristics of the included studies are summarized in Table II. These characteristics included patterns of divisions and artery diameters and lengths. A total of 33 studies (N ¼ 12,757 lower limbs) were analyzed. The study dates ranged from 1844 to 2015, and the study types included cadaveric and imaging (including arteriography, magnetic resonance imaging, computed tomography, and Doppler ultrasound) studies. The studies were also geographically diverse, including the continents of Asia, Europe, and North America.
Prevalence of variations in PA branching. A total of 27 articles (N ¼ 10,385 lower limbs) were analyzed for the prevalence of type I and type II variations and are summarized in Table III (Supplementary Fig 2, A-G, online only). The most common variation was type I-A, with a prevalence of 92.6% (95% CI, 90.2-93.8). A subgroup analysis of prevalence was also performed by geographic region and type of study (cadaveric or imaging); however, no significant differences were found between subgroups (Table III) . Sensitivity analysis was also performed by limiting articles with a sample size of 100 or more limbs, which included 22 articles (N ¼ 10,151 lower limbs; Table III ). Sensitivity analysis did not show significant variance from the total pooled data.
Seventeen articles (N ¼ 9610 lower limbs) reported type III variations as well and are summarized in Table IV . In our analysis, the most common type III variation was type III-A, with an overall prevalence of 1.7% (95% CI, 0.5-3.3). Subgroup analysis for type III was performed and is also presented in Table IV ( Supplementary Fig 2, H-J, online only). All studies that reported the prevalence of type III variations had a sample size of 100 or more limbs, and therefore a sensitivity analysis was not performed. Morphometric analysis of the PA. Three studies [10] [11] [12] (N ¼ 885 lower limbs), two of which were imaging studies (N ¼ 833) and one of which was cadaveric (N ¼ 52), reported data on the length of the PA. Three studies 10, 13, 14 (N ¼ 112 lower limbs), all of which were cadaveric, reported the diameter of the PA. The data were pooled into an analysis and are presented in Table V .
DISCUSSION
The variations of the PA and its branches have been attributed to the embryonic development of the lower limb, although the reasoning behind it is not entirely understood. 2 Previous studies by Senior have explained that the normal embryologic development of the lower limb begins with the deep PA anterior to the popliteus muscle, with two branches coming off that artery proximal to the point where the deep PA crosses under the popliteus muscle. Those two branches become the PT and the PR and with time fuse together to make what will be the adult PA. In the meantime, the deep PA develops into a part of the AT. With time, this AT part develops a communicating branch with the developing PR artery, and the deep PA proximal to that communication (the part that ran anterior to the popliteus muscle) is obliterated. 2 Although not completely understood, variations on this development pattern, including lack of obliteration and improper fusion of embryonic structures, could lead to the variations described.
The aim of our study was to pool together and to analyze all of the available data in the literature on the PA and the variations of its branching patterns, along with morphometric data, to provide a better understanding of the role that PA anatomy can play in clinical and surgical practice. Our results demonstrated that type I splitting variations, those in which the PA divided at a height below the level of the knee joint, had a total prevalence of 96.1%, with the most prevalent subgroup being type I-A (>92%), regardless of study design or geographic distribution. Several studies have reported similar prevalence rates, including a prevalence of type I-A ranging from 81.8% 15 to 93.6%. 16 Any form of high division, or type II, was the second most common branching pattern, with a combined prevalence of 3.9%. Of the possible variations within type II, type II-A1 (high division into the AT with a normal course and the PT/PR trunk) was the most common, with a prevalence of 2.2%. Type II-A was also observed as the second most common variation in previous studies. 12 Although type III, or cases of hypoplasia or aplasia of any of the branches, was considered separately, its total population prevalence estimate was calculated as 3%, with type III-A (hypoplasia or aplasia of the PT) accounting for more than half of the variations (1.7%). The prevalence of type III-A is less than what was reported in some previous studies; however, it is still the most prevalent of the type III variations. 12 In our analysis, we observed that Asian studies differed in our type III analysis with a prevalence of 5.9% compared with prevalence rates of 2.0% and 3.3% in North Americans and Europeans, respectively. More specifically, Asians presented with a type III-B (hypoplasia or aplasia of the AT) prevalence of 4.1% compared with 1% and 0.7% in North America and Europe, respectively. This reflects the findings in a previous study performed only on the Japanese population, in which the only type III variation seen was of the type III-B variety. 17 There was a lack of any other significant geographic differences or study modality (imaging or cadaveric) differences.
Our morphometric findings showed an average diameter of 8.0 mm of the PA at the level of the subcondylar transverse plane and a mean length of 60.1 mm from the same subcondylar plane to the point where the AT artery branched off the PA. Collecting morphometric results presented a challenge as there is a lack of a truly universal standard of measuring the PA. The use of a common landmark, like the transverse subcondylar plane, was reported in only three articles.
The importance of PA anatomy has been stressed in procedures pertaining to peripheral vascular disease and its associated complications as well as with graft procedures. 1 The presence of certain variations could possibly complicate procedures like Baker cyst excision. A case was presented by Kp et al in which excision of a popliteal CI, Confidence interval.
JOURNAL OF VASCULAR SURGERY cyst was complicated by a pseudoaneurysm, and it was acknowledged that the proximity of the artery to the cyst has an influence on how the cyst should be removed. 18 Furthermore, Kp et al 18 stressed that imaging, specifically magnetic resonance imaging, is the most important preoperative method for proper prevention of iatrogenic injury to the PA.
The branching patterns of the PA can also play a significant role in the progression and development of PAES. Although it has been reported that the development of the gastrocnemius has the largest influence on PAES, if the timing of the development of the gastrocnemius and the PA does not coincide properly, the muscle can influence the course and sweep the artery medially. 4 This would strongly suggest that type II-A2, high division with the AT taking a medial course, would be a result of such abnormal development.
Although rare, PAAs are one of the most common lower limb peripheral aneurysms, with an incidence in America of 7.39 per 100,000 men compared with 6.58 per 100,000 men for femoral aneurysms. 19 Surgical treatment is indicated for all symptomatic aneurysms and any large asymptomatic presentations, making knowledge of PA variations important to successful treatment. 20 In repairs of PAAs, long-term success correlates with the number of patent runoff vessels. 21 This would put type III patients at a higher risk than patients with type I and type II patterns of complications due to fewer runoff vessels. On the other hand, patients with any version of type II division are at higher risk of iatrogenic injury during procedures like knee arthroplasty and high tibial osteotomy. 22 The morphometrics also play a key role in deciding how to surgically approach the lesion. The mean diameter was found to be 8 mm at the level of the subcondylar plane in our analysis, with the literature reporting a range of 7 to 11 mm. 23 Such morphometrics have a large influence on the success of stent placement in PAA, as it is suggested that the best results are seen in arteries with a proximal diameter of <12 mm and a distal diameter of >5 mm. 24 Our most notable limitation was in the collection and analysis of morphometric data. The PA spans a significant portion of the lower limb, and during that travel, its diameter can vary, a reason that our data specify only one point Table III . Continued. of measurement. With variations like the ones encountered, it is a challenge to find a landmark from which to measure accurately. From our study, the most consistent findings were measured from the knee joint, more specifically the subcondylar transverse plane. We agree with the use of the subcondylar plane as a common landmark for measuring distance to the PA divisions, provided the author differentiates type I (branching below the knee) from type II (high division at or above the knee) for each patient.
Our meta-analysis of the variations of the PA was limited by the fact that not all authors strictly adhered to the classification system presented in Kim et al. 12 High heterogeneity between studies and a lack of assessment of publication bias due to a lack of statistical measure for multicategorical prevalence were also limiting. The descriptions, drawings, and images were left to a certain level of interpretation by the review team, presenting a small chance for bias. However, when possible, authors were contacted to resolve any discrepancies and therefore to minimize bias in the analysis. Despite analysis by geographic region, study type, and sensitivity analysis, high heterogeneity remained without an identifiable source. We believe that the source may be the variability of the PA itself and therefore encourage physicians to carefully identify the PA and its possible variations.
Using this study, future investigations of the variations and morphometrics of the PA are suggested, especially in cases of disease, to help surgeons in their selection of the type of vascular procedure, to improve the outcomes of endovascular procedures, and to better understand the role of variations in pathologic processes like PAES.
CONCLUSIONS
Variations in the anatomy of the PA are relatively uncommon; however, they are clinically relevant in the possible development and treatment of PAES and surgical procedures relating to the knee, most notably for vascular procedures in that area. Proper knowledge of the variation patterns as well as the morphometrics can reduce the risk of iatrogenic injury and strongly influence the planning and execution of surgical procedures, among them endovascular procedures for PAA.
We would like to thank Karolina Saganiak for the anatomic drawings used in this manuscript. The fact that the knowledge of human anatomy is essential to any clinician is self-evident. Even more detailed anatomic knowledge is needed for surgeons who operate on the knee or on the vasculature of the popliteal fossa; this includes anatomic variations of the popliteal artery. Modern imaging makes planning of surgical interventions much easier, yet in some cases the imaging either cannot be done or may not be sufficient for appropriate surgical planning. In these cases, being prepared to meet an unusual anatomy can save time and minimize surgical trauma. Despite this commonly shared understanding of the importance of an accurate anatomic knowledge, often we rely on old descriptions derived from a few cadaveric dissections.
By combining available data from multiple sources, the manuscript published in this issue of the Journal provides contemporary information on the incidence of anatomic variants of the popliteal artery. It is reassuring to know that the prevalence of the most common variant (type I) is 96%, and each of those that are most challenging from the surgical point of view (II-A2 and II-C) have a prevalence of <0.5%. It is also useful to know that the prevalence of specific variants is different in populations of Asia, Europe, and North America, although no direct comparison studies have been done.
Apart from the subject matter, this paper is an example of the utilization of contemporary research methodology, such as meta-analysis, in the fields of knowledge that traditionally rely on qualitative research. Hundreds of thousands of imaging studies are done in patients with different diseases and conditions as well as in healthy individuals. Many such studies use standard protocols. Despite the existence of such an enormous volume of anatomic information, few attempts have been made to mine these data and to produce generalizable knowledge. By demonstrating feasibility of such an approach, this paper serves as a catalyst for similar studies answering important anatomic questions, such as ethnic anatomic differences, differences between the cadaveric and imaging studies, and the clinical value of anatomic variants combined with pathologic changes.
